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Isolation of proximal and distal tubule cells from human kidney
by immunomagnetic separation
Technical Note
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Isolation of human renal proximal and distal tubule cells from human
kidney by immunomagnetic separation. After collagenase digestion and
Percoll density gradient centrifugation of human renal tissue, tubular
epithelial cells of the proximal and the distal segments were isolated with
an immunomagnetic method using MACS microbeads. To enrich proxi-
mal tubular (PT) cells we used a monoclonal antibody (mAb) against
aminopeptidase M (APM, CD 13), specific of the proximal tubule. Distal
tubular (DT) cells were isolated through a mAb recognizing Tamm-
Horsfall glycoprotein (THG), a specific antigen for the thick ascending
limb and the early distal convoluted tubule. Cells of the proximal primary
isolate were histochemically strongly positive for aminopeptidase M
(98.6%), however, cells of the distal portion were negative (98.7%).
Ultrastructural analysis of PTC primary isolates revealed highly preserved
brush border microvilli, well-developed endocytosis apparati and numer-
ous mitochondria, whereas DTC primary isolates showed smaller cells
with basolateral invaginations and less apical microvilli. Characterization
by immunofluorescence indicated the coexpression of cytokeratin and
vimentin, whereas staining for desmin, smooth muscle actin, a fibroblast-
specific marker and von Willebrand factor was negative. Cultured PT and
DT cells displayed different adenylate cyclase responsiveness to hormonal
stimulation. PTH (10—6 M) increased cAMP production in distal cells up
to 32.8-fold of the basal level and in proximal only up to 3.5-fold (10 M,
DT 14.4X and PT 2.25x). Calcitonin stimulated adenylate cyclase in DT
in a dose dependent fashion (10—6 M, 4.3x; iO M, 2.25><), whereas only
a low calcitonin response was found in PT cells (10 M, 1.6X; iO M,
1.4X). AVP (10-6 M) activated the distal cAMP-production only up to
1.9X of the basal level, but the proximal cAMP-production was negligible
(only 1.3x the basal level). The data of this study indicate the proximal
and distal tubule origin of the cultured cells that were isolated according
to their segment-specific antigens.
The study of renal tubule function has been complicated by the
complexity and heterogeneity of various cell populations along the
nephron, each exhibiting distinct morphological, biochemical, and
functional characteristics [1]. At least 15 different types of epithe-
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hal cells exist that are organized in a segmental fashion along the
length of each of over one million nephrons [21. Consequently,
human kidney epithelial cell cultures of histologically defined
origin would be valuable as an in vitro system. Renal tubular cell
culture has increasingly been used to study the pathophysiology
and injury, or the involvement of the tubular system in the
inflammatory process (such as tubulointerstitial nephritis) [3, 4].
In general, all chronic renal diseases are accompanied with
tubulointerstitial changes, in which tubular epithelial cells play a
pivotal role for the infiltration of immuneompetent cells through
releasing chemoattractants or expressing various adhesion mole-
cules [3- 61. Thus, a reliable isolation technique to enrich epithe-
hal cell populations of a predefined tubule segment of the human
nephron seems extremely worthwhile.
Several techniques have been designed to study specific popu-
lations of renal cells. The development of methods to separate
different renal tubule segments was an essential first step to
elucidate renal transport systems and hormone actions. The
properties of these distinct tubule segments were characterized by
microdissection or Percoll gradient purification of whole tubules
[7, 8]. Various methods were established to isolate cell popula-
tions for culture, for example microdissection [9], selective culture
media [10] and immunodissection [11]. The problems that may
arise from these methods are a low yield of cells, the heteroge-
neity of cell types obtained, or that the method is not practicable
for all cells originating from various kinds of tubule segments.
Another approach to isolate tubular cells for culture is fluores-
cence-activated cell sorting using tissue-specific monoclonal anti-
bodies [121. Established renal epithehial cell lines such as MDCK,
OK or LLC-PK1 have been used for different in vitro studies
[13—16], However, investigations using these cell lines reveal
several limitations and imply a partial loss of specific in vivo
functions as well as acquisition of non-tubule-specific character-
istics. Such a tendency of a possible epithelial "transdifferentia-
tion" minimizes the opportunity to assess the functional proper-
ties of primary cells.
In the present paper we describe an easy and reliable magnetic
cell sorting technique to separate pure populations of epithelial
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cells from human kidney with very high purity as monitored by
patterns of surface antigens. In addition, immunological and
physiological properties of isolated proximal and distal tubule
cells were determined.
METHODS
Monoclonal antibodies
For isolation with the immunomagnetic cell sorting system,
distal tubule (DT) cells were labeled with a mouse-anti-human
Tamm-Horsfall glycoprotein (THG) mAb, clonotype no. 109
(purified supernatant from hybridoma established in our labora-
tory). Proximal tubule (PT) cells were stained with a mouse-anti-
human aminopeptidase M (APM) (CDI3; Serva, Germany). A
microbead-conjugated rat-anti-mouse anti-lgG1 mAb (Miltenyi,
Bergisch-Gladbach, Germany) was used as secondary antibody for
separation of the primary antibody labeled cells.
We applied mAb directed against the following antigens for
immunofluorescence and flow cytometry: CD13, CD26, desmin
(Immunotech, Marseille, France), fibroblast-specific antibody
clone ASO2 (Dianova, Hamburg, Germany) [17], von Willebrand
factor, smooth muscle actin, K. 67 antigen (Dako, Glostrup,
Denmark), cytokeratin, vimentin (Sigma), Tamm-Horsfall glyco-
protein (hybridoma no. 109 established in our laboratory), and
y-glutamyl transferase (hybridoma no. 138H11 established in our
laboratory) [181. Monoclonal antibody to THG and yGT were
FITC-labeled, as described by the method of Peters and Baum-
garten [19]. We used a Cy3-conjugated goat-anti-mouse anti-IgG
mAb as secondary antibody for immunfluorescence.
Cell isolation
Tubular cells were prepared from human renal tissue after
nephrectomy from portions of the kidney not involved in renal cell
carcinoma. The tissue (± 20 g) collected at surgery was immersed
sterile into ice cold RPM! 1640 (Gibco, Eggenstein, Germany)
with Meropenem (100 tg/ml Meronem®; Zeneca, Plankstadt,
Germany) and stored up to 24 hours on ice. For the cell isolation,
the fiborous capsule and the inner medulla were removed. The
tissue was prepared into approximately 1 mm2 pieces by using
crossed blades; then the fragments were incubated with RPM!
1640 containing collagenase/dispase (1 mg/mI; Boehringer Mann-
heim, Germany) for one hour with gentle stirring (10 rpm). The
digested tissue fragments were straightened through a 106 jim
sieve and centrifuged at 300 g for five minutes. Thereafter the
pellets were incubated for 45 minutes with RPMI 1640 supple-
mented with collagenase IV (1 mg/ml; Gibco), DNase (0.1 mg/ml;
Boehringer Mannheim) and MgCl2 (5 mM). After centrifugation,
the pelleted cells were resuspended in PBS, overlayed on a
precooled Percoll density gradient solution (starting density 1.07
g/ml; Pharmacia, Germany) and centrifuged for 30 minutes at 4°C
X27,000 g. This procedure established a gradient with densities
varying between 1.019 and 1.139 g/ml. The fraction between 1.05
and 1.076 g/ml was collected and washed twice in three volumes of
ice cold HBSS (Gibco).
Immunomagnetic separation
After centrifugation, cells were incubated with 10 ml ice-cold
RPM! 1640 for 20 minutes with a human immunglobulin G
preparation (hIgG, 2.5 mg/ml; Biotest, Dreieich, Germany) to
block unspecific binding of the mAbs. Then cells were labeled for
20 minutes on ice with the primary antibody (5 jig/i07 cells) in
RPMI 1640 supplemented with hIgG (0.5 mg/mI). To isolate PTC
we used a mAb against APM, whereas DTC were isolated through
a mAb capable of recognizing THG. Cells were washed with
MACS-buffer (PBS containing 5 mM EDTA and 0.5% BSA).
Finally, cells were incubated with microbead-conjugated rat-anti-
mouse anti-IgG1 mAb as a secondary antibody (in MACS-buffer
supplementd with 0.5 mg/mI hIgG) for 20 minutes. Cells were
washed with MACS-buffer, passed through a fine mesh (40 jim),
and isolated by immunomagnetic separation applying the Mini-
MACS system (Miltenyi Biotec, Bergisch-Gladbach, Germany)
[20].
Cell culture
After immunomagnetic isolation, cells were seeded in wells of a
six well plate coated with human collagene IV (100 jig/mI;
Boehringer Mannheim) and were grown in medium 199 (Gibco)
with 10% FCS (PAA, Cölbe, Germany) at 37°C and 5% CO2 in a
humidified atmosphere. The culture medium was supplemented
with the antibiotic meropenem for the first two to three days.
Then cultures were fed with fresh growth medium every three to
four days. Confluent cells were subcultured by trypsin treatment
(trypsin 0.05%, EDTA 0.02%) over a period of seven minutes.
Excess cells were cryoconserved in liquid nitrogen in medium 199
containing 30% FCS and 7% (vol/vol) DMSO (Sigma).
Enzyme cytochemistry
To analyze the purity of isolated cells the enzyme activity of
plasmamembrane bound APM and y-glutamyl transferase (yGT)
were determined. Primary isolates were washed twice with PBS
and then stained in solution. APM staining was performed using
180 jig/ml L-alanine-4-methoxy-2-naphtylamide (Serva, Heidel-
berg, Germany) as a substrate and 360 jig/mI Fast Blue B (Serva)
as a chromogen in 100 m phosphate buffer, pH 7.6. Staining for
YGT was performed with 180 j.Lg/ml y-glutamyl 1,4-methoxy-2-
naphtylamide (Serva) as a substrate, 180 jig/mI glycylglycine
(Merck, Darmstadt, Germany) as an acceptor and 500 jig/ml Fast
Blue B as the chromogen in 200 m'vi cacodylate buffer, pH 7.2.
Stained cells were anchored on adhesion slides (BioRad,
München, Germany). Positive and negative cells were counted per
microscope fields and calculated as percent positive.
Determination of antigen expression by fluorescence
microscopy
Confluent monolayers were washed three times with PBS, and
fixed with ice-cold methanol/acetone (1:1) for five minutes. The
fixed monolayers were washed twice. Unspecific binding sites were
blocked by PBS containing 5% normal goat serum and hIgG (5
mg/mI) for 20 minutes. Primary antibodies (5 to 20 jig/mI) were
applied without washing, and incubated for 30 minutes at 37°C
with gentle shaking. After washing, cells were incubated with
secondary antibody (1.4 jig/ml) for 30 minutes at 37°C. All
dilutions of antibodies were made in PBS containing 1% goat
serum and hIgG (1 mg/mI). Negative controls were run without a
primary antibody. Monolayers were mounted in mounting me-
dium (Immunotec, Hamburg, Germany) and examined using
Zeiss fluorescence microscope equipment.
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Enzyme activity assays
To determine the activity of alkaline phosphatase (AP), yGT
and dipeptidyl peptidase IV (DPP IV, CD26) as marker enzymes
for the proximal tubule, 3* i03 cells were grown in 96 well plates.
When confluence was reached, the cells were rinsed three times
with PBS. AP activity was determined spectrometrically using
p-nitrophenylphosphate as a substrate, and yGT activity was
assessed using y-glutamyl-p-nitroanilid and glycylglycine as sub-
strate (commercial kits; Boehringer Mannheim). Activity of DPP
IV was determined using glycyl-L-proline-p-nitroanilide-p-tolu-
enesulfonate (100 xg/ml) in 50 mrvt Tris-HCI buffer (pH 8.7). The
activity was measured at 405 nm using a microplate reader and
was expressed as U/mg protein. One unit of enzyme was defined
as the formation of 1 jxmol para-nitrophenol or 3-carboxy-4-
nitroanilid per minute.
Flow cytometry
Confluent monolayers were washed twice with PBS. For de-
tachment the cells were incubated with a solution containing
0.05% trypsin and 0.02% EDTA for exactly seven minutes.
Aliquots of single cell suspension (ito 2* i0 cells) were incubated
for 15 minutes at room temperature with directly labeled antibod-
ies (FITC, PE and/or PE-Cy5). Cells were washed with 2 ml buffer
and pelleted by centrifugation at 300 g for five minutes. The pellet
was resuspended in 500 xl fixing solution (4% para-formaldehyde
in PBS). The labeled cells were analyzed using a FACScan flow
cytometer (Becton Dickinson, Heidelberg, Germany). All inves-
tigations included negative controls without antibodies to evaluate
the positive staining profile.
Hormonal stimulation of cAMP production
The response of PT and DT cells to hormones was assessed to
characterize selected functional characteristics. One* 105 cells
were seeded in each well of a 12 well plate. For measurement of
cAMP production, confluent monolayers were washed twice with
RPM! 1640. Hormonal stimulation was initiated by adding RPM!
1640 with parathyroid hormone (human PTH fragment 1-34),
human calcitonin or arginine-vasopressin (AVP) (Bachem, Hei-
delberg, Germany). The stimulation was stopped by removing the
medium after an incubation time of five minutes at 37°C. The
intracellular cAMP was extracted by adding I ml ice-cold 65%
(vol/vol) ethanol. Cells were detached with a cell scraper and
centrifuged at 500 g for five minutes. The supernatant was
transferred into fresh tubes. The extracts were dried under a
stream of nitrogen at 60°C and redissolved in assay buffer. Cyclic
AMP was determined by use of a commercially available enzyme-
immuno-assay kit (Amersham, Braunschweig, Gemany). Total
protein content was estimated according to the BCA method [21]
using bovine serum albumin as a standard. Cyclic AMP content
was expressed in nanomoles per gram of cell protein.
Electron microscopy
Primasy isolated cells and monolayer cultures were washed
twice with PBS and fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for two hours. After rinsing twice
with 0.2 M cacodylate buffer, monolayer cultures were cut in
small sheets, whereas primary isolated cells were pelleted. Both
cells in culture and primary isolated cells were then postfixed in
1% osmium tetroxide in 0.1 M sodium cacodylate buffer, treated
Table 1. Enzyme cytochemical staining of primary isolates
APM YGT
Controla 38.7 0.9 Not done
PT cells 98.6 0.655 94.4 0.77
DT cells 1.28 0.254 1.09 0.33
Data are presented as percent positive, mean SD, N = 3. Abbrevia-
tions are: APM, aminopeptidase M; yGT, gamma-glutamyl transferase;
PT, proximal tubule; DT, distal tubule.
a As a control, we stained the cell mixture after Percoll density gradient
centrifugation prior to immunomagnetic separation
with 2% uranyl acetate for one hour, dehydrated in ethanol and
then embedded in Spurr's resin [221. Ultra-thin sections were
cut with an ultramicrotome (Ultracut, Reichert, Austria), and
analyzed in an electron microscope (Phillips, Eindhoven, Neth-
erlands) after double-contrasting with uranyl acetate and lead
citrate.
Statistical analysis
The data of control and experimental groups were expressed as
the mean SD. For statistical analysis we used the Student's t-test
for unpaired samples. P values < 0.01 were considered significant.
RESULTS
Primary isolation of tubular cells
To separate specific cell types from a cell Suspension of the
renal cortex and the outer stripe of outer medulla, an immuno-
magnetical separation technique was chosen. For specific enrich-
ment of PT cells we used a mAb mouse-anti-human aminopepti-
dase M, an antigen described as a specific proximal brush border
enzyme [23]. Immunohistochemical distribution pattern in cryo-
sections of the human kidney showed a positive staining of
proximal tubuli only, whereas cells of distal tubule were strictly
negative. DT cells were isolated using a mAb mouse anti-human
THG, a specific marker of the thick ascending limb of Henle's
ioop and the early distal convoluted tubule [24, 251. Specificity of
this antibody was shown by the restricted immunohistochemical
staining pattern of renal cryosections.
On average 3.2*104 proximal cells and 1.8*104 distal cells/g
renal tissue (N = 3) were obtained with this method. The purity
of the isolated cells was evaluated by cytochemical staining for
YGT and APM, and is shown in Table I and Figure 1. Ultrastruc-
tural studies confirmed that the primary isolates were composed
of epithelial cells and exhibited no signs of cell injury. The
proximal primary isolates revealed highly preserved brush border
microvilli, indicating that these cells were derived from the
proximal tubule. Furthermore, we observed a well-developed
endocytosis apparati and abundant mitochondria (Figs. 2A and 3).
DT primary isolates revealed basolateral invaginations and less
developed apical microvilli (Fig. 2B). Flow cytometric analyses
disclosed that proximal primary isolates were positive for YGT,
APM and DPP IV (Fig. 4, day 0), whereas distal primary isolates
were positive for THG and strictly negative for APM and DPP IV
(Fig. 5, day 0).
Cell culture
Small colonies formed within two days after isolation, whereas
confluent monolayers with an epithelial-like morphology grew by
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Fig. 2. Ultrastructure of (a) primary isolated proximal cell with well-preserved brush border microvilli and numerous mitochondria, (b) primary
isolated distal cells with basolateral invaginations and less prominent apical microvilli, (c) proximal cells in culture exhibit membrane polarization
with microvilli scattered over the apical membranes, and (d) tight junction maintained in cultured DTC.
approximately seven days. We could not observe any growth
differences between PT and DT cells by phase contrast micros-
copy, but at the stage of confluence more distal cells per cm2
growth area were counted. The cells were contact inhibited and
formed domes after 10 to 12 days that were thought to be
characteristic of epithelial cells in culture [9, 26]. We observed an
in vitro lifespan of approximately three months, and the cells lost
their prolific activity at passages 6 to 7 (40 to 50 days after primary
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Fig. 3. Confluent mono'ayer of (a) PTC (X40)
and (b) DTC (x40), (c) dome formation after
approximately 12 days of confluence (x200).
isolation). Ultrastructurally cultured cells exhibited less promi- Additional characteristics of cultured cells
nent microvilli (Fig. 2C). Cultured PT and DT cells rebuilt tight
junctions, which are characteristic for transporting epithelia (Fig.
2D).
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Fig. 4. Flow cytometry histograms of PTC primary isolates (day 0) and during the culture period (days 4, 8, 12), changes in the expression of the
antigens yGT (A), APM (B), CD26 (DPP IV, C). Negative control was assigned as the black histogram in the upper left graph. Primary isolates of PTC
were clearly THG negative (data not shown). After a time of regeneration (from days 4 to 12 after tissue dissociation), PTC express APM and DPP
IV in the range found by primaCy isolates.
Log fluorescence intensity
In an attempt to further characterize these cells in culture, we
measured the activities of several brush border marker enzymes
1328 Baer et a!: Immunomagnetic isolation of PT and DT cells
200
(I)
00
Fig. 5. Flow cytometry histograms of DTC primary isolates (day 0) and during the culture period (days 4, 8, 12), changes in the expression of the
antigens THG CA), APM (B), CD26 (DPP IV, C). Negative control was assigned as the black histogram in the upper left graph. In vitro distal tubule (DT)
cells started to express DPP IV and, to a lesser amount, aminopeptidase M (APM). However, DT cells lost their specific THG expression.
(Table 2). Alkaline phosphatase (AP) activity was detectable in pression of cytokeratin and vimentin in cultured PT and DT cells,
cultures of PT cells only and was never measureable in DT cell whereas all non-epithelial markers were negative (Table 3). In
cultures. Immunocytochemical staining demonstrated the coex- addition, cultured DTC progressively lost their characteristic
A B C
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Table 2. Activity of marker enzymes in cultured proximal tubule and
distal tubule cells
Enzyme activity
U/mg PT cells DT cells
yGT 0.623 0.026 0.305 0.0005
APE' 0.114 0.029 No activity
DPP IV° 0.22 0.01 0.248 0.047
Data are presented as mean SD, N = 4. Abbreviations are in the
Appendix.
1 Unit refers to the formation of 1 mol p-nitrophenol per minute at
37°C
6 Unit refers to the formation of 1 jmol 3-carboxy-4-nitroaniline per
minute at 37°C
expression of THG. Flow cytometric analysis demonstrated phe-
notypic changes in antigen expression (Figs. 4 and 5).
Hormonal responsiveness of cultured tubular cells was deter-
mined by measurement of intracellular cyclic AMP and is shown
in Table 4. Exposure to PTH 10—6 M produced a significant
32.8-fold increase in intracellular cAMP in DT cells (relative to
the basal level). Only a 3.5-fold increase of cAMP was observed in
PT cells. Even a "low grade" stimulation with 10 M PTH
generated a 14.4-fold cAMP increase in DT cells, and in PT cells
increased only 2.5x. The addition of 10—12 M PTH generated no
significant cAMP formation either in DT nor in PT cells. Calci-
tonin stimulated DT cells in a dose dependent manner (10—6 M,
4.3x; 108M, 2.25x), whereas only a low calcitonin response was
found in proximal cells (10—6 M, 1.6X; i0 M, 1.4X). Addition of
AVP (10—6 M) increased distal cAMP production up to 1.9x of
the basal level only. However, proximal cAMP synthesis remained
nearly unchanged after the AVP challenge (1.3x of the basal
level).
DISCUSSION
The goal of this study was to establish human renal epithelial
cell cultures from a defined tubule source with magnetic labeled
antibodies recognizing segment specific membrane antigens. Our
results strongly indicate that the epithelial cells isolated by the
method described originate from the proximal and the distal part
of the human nephron. Positive enzyme cytochemical staining
patterns for APM and yGT of tubular cells, which were isolated
with the mAb directed against APM, revealed their proximal
origin and the purity of the separation technique. Both yGT and
APM (also described as aminopeptidase N or leucine aminopep-
tidase) as enzymes of the proximal brush border surface mem-
brane, are not expressed on cells of the distal tubule [1, 23, 27].
We cultured the cells in medium 199 containing a physiologi-
cally normal glucose concentration (5 mM) to decrease possible
dedifferentiation events, as was described for glomerular epithe-
hal cells cultured under high glucose conditions (25 mM) [28].
Cells cultivated under hyperglycemic conditions showed altered
proteoglycan production similar to that observed in vivo in
diabetic nephropathy [21]. Other studies emphasized the impact
of high glucose on cell proliferation and hypertrophy, as well as
the rise of glucose-induced collagen biosynthesis observed in
experimental tubulointerstitial fibrosis [29].
Our characterizations suggest that PT and DT cells conserve
many of their specific properties in vitro, but some of them get lost
during culture period. In vitro DT cells did not express THG. We
Table 3. Immunfluorescence studies
PT cells DT cells
PAN-cytokeratin + +
Vimentin + +
Desmin —
Smooth muscle actin — —
Fibroblast marker —
van Willebrand factor — —
Ki-67 + +
THG -
Table 4. Cyclic AMP formation after hormonal stimulation
PTC DTC
Basal 23.5 1.6 24.9 0.5
AVP 10 M 32.7 5.8 44.0 3.5°
Calcitonin 106 M 37.7 4.0" 107.7 + 49ah
Calcitonin i0 M 35.0 8.0 56.1 17.0"
PTH io M 83.1 13.5" 820.3 355ab
PTH 108 M 53.1 8.9' 357.2 328th
PTH 102 M 28.0 1.7 26.1 0.6
Data are presented as nanomoles cAMP per 5 minute stimulation and
g total protein.
Results were reproduced in cells derived from 3—5 different kidney
preparations and are mean SD.
a P < 0.01 vs. basal, 6 P < 0.01 DTC vs. PTC
were able to demonstrate that THG was present in the superna-
tant of primary cultures of DT cells, but not in supernatant of PTC
or in higher passages of both (THG-ELISA, unpublished data).
Flow cytometrical analysis revealed that DT cells in vitro started to
express DPP IV at the same extent as PT cells, whereas in vivo
DPP IV was exclusively restricted to the proximal brush border.
DPP IV activity of DT cells verified this observation, which was
described for DT cells separated by automatic cell sorting [30]. Dc
novo expression of DPP IV on distal tubular cells was as high as
that found in cultured PT cells [30]. Thus, DPP IV is not a useful
marker to identify the proximal origin of isolated renal tubule
cells. In similar manner, THG is not a useful marker to exclude
distal contamination in proximal cell cultures. Moreover, we
demonstrated the coexpression of cytokeratin and vimentin; this
was first observed on immature tubuloepithelial cells [31]. Expres-
sion of vimentin and the decline in brush border marker enzymes
expression was observed whenever cells increased their mitotic
activity, such as during nephrogenic repair after major renal cell
injury [32]. These findings support the view that injury causes a
loss of differentiation in epithelial cells [31, 33, 34]. Some differ-
entiated renal cell functions, compared to structurally preserved
tubuli, arc lost in culture. This apparently results from deficiencies
in culture conditions, and can be partially restored [35],
Finally, isolated tubular cells from proximal and distal origin
disclosed differential response of adenylate cyclase activity to
stimulation by various hormones. The stimulatoiy effect in re-
sponse to human PTH in distal cells was significantly higher
compared to that from proximal cells. This observation correlates
with other reports describing a PTH-stimulated cAMP formation
in kidney cells from mice [36, 37] and rabbits [38]. Microdissected
mouse and rabbit TAL and early distal tubule segments are highly
responsive to PTH [39—41]. Microdissected human proximal
tubule, TAL and early distal convoluted tubule also react to PTH
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stimulation with an increase in intracellular cAMP [7]. However,
compared to the proximal tubule, the PTH response in the TAL
and early distal convoluted tubule was definitely higher when
calculated for total protein content [7]. Treatment to calcitonin
significant augmented cAMP production in DT cells, whereas PT
cells showed a low but significant stimulation. The calcitonin
stimulated rise in cAMP appeared as a specific characteristic of
the human TAL and early distal convoluted tubule, whereas no
stimulation was found in the proximal segment [7]. Compared to
the hormones mentioned above, AVP activated adenylate cyclase
in DT cells only to a low degree, but in a significant manner
(1.9x). In proximal cell cultures AVP stimulated cAMP forma-
tion only in a negligible manner. These data are comparable to
those described in the literature [7, 12]. Charbades et al [7] found
a cAMP production after AVP stimulation in the late distal tubule
and the collecting duct only, and no response to PTH nor to
calcitonin were observed in these segments.
In view of the marked differences observed between cultured
PT and DT cells, our results demonstrate that human kidney
tubular epithelial cells can be satisfactory separated by an immu-
nomagnetic method that is based on different antigen pattern of
renal cells. To the best of our knowledge this is the first report
applying immunomagnetic antibodies (microbeads) to isolate
human epithelial cells from whole tissue. The primary isolated
cells from different tubule origin can be clearly defined by their
cytochemical staining profile (APM and yGT) as well as their
different antigen expression assessed by flow cytometry. Cultured
cells of proximal and distal origin differ in enzyme activity of
alkaline phosphatase. Furthermore, cells respond in a character-
istic way by hormone challenge. Nevertheless, DT cells may tend
to dedifferentiate (or even transdifferentiate) in culture. Thus,
neither the expression of DPP IV nor the failure of THG is a
useable marker to identify renal epithelial cells in culture accord-
ing to their segmental origin. Use of the immunomagnetic isola-
tion technique to enrich pure cultures of defined tubule origin
should facilitate in vitro studies of the physiology and pathophys-
iology of these cells.
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APPENDIX
Abbreviatations are: AP, alkaline phosphatase; APM, aminopeptidase
M; AVP, arginine vasopressin; DPP IV, dipetidyl peptidase IV; DTC,
distal tubule cell; yGT, y-glutamyl transferase; hIgG, human immunglobu-
line G; mAb, monoclonal antibody; MACS, magnetic antibody cell
sorting; PTC, proximal tubule cell; PTH, human parathyroid hormone
fragment 1 to 34; TAL, thick ascending limb of Henle's loop;
REFERENCES
1. GUDLLR WG, Ross BD: Enzyme distribution along the nephron.
Kidney mt 26:101—111, 1984
2. WILsoN PD: Monolayer cultures of microdissected renal tubule
epithelial segments. J Tiss Cult Meth 13:137—142, 1991
3. FRANK J, ENGLER-BLUM G, RODEMANN HP, MULLER GA: Human
renal tubular cells as a cytokine source: PDGF-B, GM-CSF and IL-6
mRNA expression in vitro. Exp Nephrol 1:26—35, 1993
4. B0SWELL RN, YARD BA, SCHRAMA E, VAN Es LA, DAHA MR, VAN
DER WOUDE FJ: Interleukin 6 production by human proximal tubular
epithelial cells in vitro: Analysis of effects of interleukin I a and other
cytokines. Nephrol Dial Transplant 9:599—66, 1994
5. WUTHRICH RP, GLIMCHER LH, Yui MA, JEVNIKAR AM, DUMAS SE,
KELLEY YE: Generation of highly differentiated murine renal tubular
epithelial cell lines: MHC II regulation, antigen presentation and
tumor necrosis factor production. Kidney mt 37:783—792, 1990
6. NATH KA: Tubulointerstitial changes as a major determinant in the
progression of renal damage. Am J Kid Dis XX:1—17, 1992
7. CHARBARDES D, GAGNAN-BRUNEITE M, IMBERT-TEBOUL M: Adenyl-
ate cyclase responsivness to hormones in various portions of the
human nephron. J Clin Invest 65:439—446, 1980
8. VINAY P, Gouooux A, LEMIEUX G: Isolation of a pure suspension of
rat proximal tubules. Am Physiol Soc 241:F403—F411, 1981
9. WisoN PD, DILLINGHAM MA, BRECKON R, ANDERSON RJ: Defined
human renal tubular epithelia in culture: Growth, characterization.
and hormonal response. Am J Physiol 248:F436—F443, 1985
10. COURJAULT-GAUTIER F, CHEVALIER J, ABBOU CC, CHOPIN DK,
TOUTAIN HJ: Consecutive use of hormonally defined serum-free
media to establish differentiated human renal proximal tubule cells in
primary culture. JAm Soc Nephrol 5:1949-1963, 1995
11. SMtTH WL, GARCIA-PEREZ A: Immunodissection: Use of monoclonal
antibodies to isolate specific types of renal cells. Am J Physiol
248:F1—F7, 1985
12. VAN DER BLEST I, NOUWEN EJ, VAN DROMME SA, DE BROE ME:
Characterization of pure proximal and heterogenous distal human
tubular cells in culture. Kidney mt 45:85—94, 1994
13. HULL RH, CHERRY WR, WEAVER GM: The origin and characteristics
of pig kidney cell strain, LLC-PKI. In Vitro 12:670—677, 1976
14. MADIN SH, DARBY NB: American Type Culture Collection Catalogue of
Strains (vol 2), Rockville, H. Halt, 1975, p 47
15. KOYAMA H, GOODPASTVRE C, MILLER MM, TEPLITZ RL, RIGGS AD:
Establishment and characterization of a cell line from American
opossum. In Vitro 14:239—246, 1975
16. TAUB M, SAIER MH: An established but differentiated kidney epithe-
hal cell line (MDCK). Met/i Enzymol 38:552—560, 1979
17. SAALBACH A, ANDEREGG U, BRUNS M, SCHNABEL E, HERMANN K,
HAUSTEIN UF: Novel fibroblast-specific monoclonal antibodies: Prop-
erties and specificities. J Invest Dermatol 106:1314—1319, 1996
18. FISCHER P, SCHERBERICH JE, SCHOEPPE W: Comparative biochemical
and immunological studies on gamma-glutamyltransferases from hu-
man kidney and renal cell carcinoma applying monoclonal antibodies.
Clin ChimActa 191:185—200, 1990
19. PETERS JH, BAUMGARTEN H: FITC-Kopplung, in Monoklonale Anti-
korper, Herstellung und Charakterisierung (2nd ed), Berlin, Springer
Verlag, 1990, pp 303—305
20. MILTENYL 5, MULLER W, WEICHEL W, RADBRUCH A: High gradient
magnetic cell separation with MACS. Cytometry 11:231—238, 1990
21. SMITH PK, HROHN RI, HERMANSON GT: Measurement of protein
using bicinchoninic acid. Anal Biochem 150:76—85, 1985
22. SPURR AR: A low-viscosity epoxy embedding medium for electron
microscopy. J Ultrastruct Res 26:31—43, 1969
23. SCHERBERICH JE, WOLF G: Desintegration and recovery of kidney
membrane proteins: Consequence of acute and chronic renal failure.
Kidney mt 46(Suppl 47):52—57, 1994
24. SIKRI KL, FOSTER CL, MACHUGH C, MARSHALL RD: Localization of
Tamm-Horsfall-glycoprotein in the human kidney using immunoflu-
orcscence and immuno-electron microscopical techniques. J Anal
132:597—605, 1982
25. KUMAR S, MUCHMORE A: Tamm-Horsfall protein-uromodulin (1950—
1990). Kidney mt 37:1395—1401, 1990
26. DETRISAC C, SENS M, GARVIN A, SPICER S, SENS D: Tissue culture of
human kidney epithehial cells of proximal tubule origin. Kidney mt
25:383—390, 1984
27. KEMPSON SA, MCATEER JA, AL-MA1-IROUQ HA, DOUSA TP, DOUGH-
ERTY GS, EVAN AP: Proximal tubule characteristics of cultured
human renal cortex epithelium. J Lab Cl/n Med 113:285—296, 1989
Baer et at: Immunomagnetic isolation of PT and DT cells 1331
28. VAN DET N, VAN DEN BORN J, TAMSMA J, VERHAGEN N, BERDEN J,
DAHA M, VAN DEN WOUDE F: Effects of high glucose on the
production of heparan sulfate proteoglycan by mesangial and epithe-
hal cells. Kidney mt 49:1079—1089, 1991
29. ZIYADEH FN, SNIPES ER, WATANA8E M, ALVAREZ RJ, GOLDFARB 5,
HAVERTY TP: High glucose induces cell hypertrophy and stimulates
collagen gene transcription in proximal tubule. Am J Physiol 259:
F704—F714, 1990
30. HELBERT M, DE MEESTER I, SCHERBERICH JE, NOUWEN E, DE BROE
M: Adenosin deaminase complexing protein (ADCP) is expressed on
both human proximal and distal tubular epithelial cells in vitro.
(abstract). NephrolDial Transplant 11:A29, 1996
31. BACALLAO R: The role of the cytoskeleton in renal development.
Semin Nephrol 15:285—290, 1995
32. WALLIN A, ZHANG G, JONES TW, JAKEN 5, STEVENS JL: Mechanisms
of the nephrogenic repair response. Lab Invest 66:474—484, 1992
33. BACALLAO R, FINE LG: Molecular events in the organisation of renal
tubular epithelium: From nephrogenesis to regeneration. Am J Physiol
257:F913—F924, 1989
34. WOLF G, SCHERBERICH JE, SCHOEPPE W: Peptidase-associated anti-
gens as markers of differentiation in human kidney and renal cell
carcinoma. Cell Molec Biol 34:311—321, 1988
35. WATr F: Cell culture models of differentiation. FASEBJ 5:287—294,
1991
36. FRIEDMANN PA, COUNTERMARSH BA, KENNEDY SM, GESEK FA: PTH
stimulation of calcium transport is mediated by dual signaling mech-
anisms involving protein kinase A and protein kinase C. Endocrinology
137:13—20, 1996
37. WHITE KE, GESEK FA, FRIEDMANN PA: Structural and functional
analysis of Na/Ca2 exchange in distal convoluted tubule cells. Am J
Physiol 271:F560—F570, 1996
38. BOUHTIAUDY I, LAJEUNESSE D, BRUNETTE MG: The mechanism of
parathyroid hormone action on calcium reabsorbtion by the distal
tubule. Endocrinology 128:251—258, 1991
39. BRUNETTE MG, CHARBARDES D, IMBERT-TEBOUL M, CLIQUET A,
MONTEGUT M, MOREL F: Hormone-sensitive adenylate cyclase along
the nephron of genetically hypophosphatemic mice. Kidney mt 15:
357—369, 1979
40. MOREL F, CHARBADES D, IMBERT M: Functional segmentation of the
rabbit distal tubule by microdetermination of hormone-dependent
adenylat cyclase activity. Kidney mt 9:264—277, 1976
41. POUJEOL P, BIDET M, TAUC M: Calcium transport in rabbit distal cells.
Kidney Int 48:1102—1110, 1995
42. CHARBARDES D, IMBERT-TEBOUL M, MONTEGUT M, CLIQUE A,
MOREL F: Distribution of calcitonin-sensitive adenylat cyclase activity
along the rabbit kidney tubule. Proc NatlAcad Sci USA 73:3608—3612,
1976
